Introduction
Staphylococcus aureus is one of the major emerging multidrug-resistant pathogenic bacteria whose infections have been increasing alarmingly causing 19,000 deaths per year. 1 Drug access is overdue by numerous resistant mechanisms such as drug inactivation, target-based mutation, reduced drug access, and efflux pumps. The multidrug efflux systems play an important role in imparting resistance in bacteria and this seems to be a major setback in designing antimicrobial agents. In recent times, the complete genome sequence of S. aureus explored 30 efflux pump genes which belong to the major facilitator super family (MFS). 2 MFS transporters reveal that all MFS proteins possess a uniform topology of 12 transmembrane (TM) α-helices which are connected by hydrophilic loops at amino (N) and carboxyl (C) termini in the cytoplasm. 3 MFS proteins are submit your manuscript | www.dovepress.com
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Bhaskar et al dependent on proton motif force that transports the assorted substrates such as ions, sugars, sugar phosphates, drugs, neurotransmitters, nucleosides, amino acids, and peptides across the TM through three distinct transport mechanisms such as uniport, symport, and antiport. However, substrate specificity and transport mechanism of all MFS proteins vary and are less understood. Analysis by using structural, computational, and biochemical techniques reveals that MFS transporters possess a single binding site, alternating access mechanism that involves rocker switch-type movement of the protein. 4, 5 NorA efflux pump is one of the major overexpressed efflux pumps in the blood stream clinical isolates of S. aueus 6, 7 and involved in the efflux of multiple diverse drug compounds such as quinolones, fluoroquinolones, [8] [9] [10] quarternary ammonium compounds and antiseptics, 11, 12 phenothaizines and thioxanthenes, 13 verapamil and omeprazole, 14 totarol, reserpine, ferruginol, carnosic acid, and dyes (such as ethidium bromide, rhodamine, acridine, and biocides). 15 NorA belongs to MFS transporters which are embedded in the membranes of prokaryotes and eukaryotes. 16 Till now, the crystal structure of NorA efflux pump has not been resolved, although the crystal structures of a confined number of MFS proteins, namely GlpT (antiporter), 17 LacY (symporter), 18 EmrD, 19 and OxlT, were resolved. 20 Dysfunction of efflux pumps could potentiate the antibacterial activity of the drugs, and this strategy has been attracting many researchers around the globe to develop a novel potent antibacterial compound. 21 So far, numerous potent efflux pump inhibitors (EPIs) such as derivatives of piperine, 22 boronic species, 23 N-caffeyl phenalkymanide, 24 2-aryl-5-nitro-1H-indoles, 25 aryl benzothiophenes and diarylthiophene, 26 6-amino 8-methyl quinolone ester, and some plant-derived compounds 27, 28 have been reported to target NorA. Conversely, these compounds are unable to enter into the clinical settings due to several pharmacological adverse side effects, especially when administered for longer duration. Besides, the continuous usage of these drugs causes development of drug resistance in pathogenic bacteria. Hence, the present investigation was undertaken to elucidate the structural characteristics and binding mechanism of NorA efflux pump and design potent EPIs for effective clinical management of S. aureus.
Materials and methods
Prophecy of TM helices
NorA protein sequence of S. aureus was retrieved from UniProt database, and TM helices were predicted using various servers such as TMHMM, 29 TMpred, 30 SOSUI, 31 DAS, 32 HMMTOP, 33 Predict protein, 34 and TopPred II 35 to confirm origin and end of the helices.
homology modeling
Three-dimensional (3D) structure of NorA was elucidated on the basis of sequence identity with high score, less e-value, highest resolution, and R-factor of the template structure by performing BLASTP search against Protein Data Bank (PDB). The coordinates for the query structure through pairwise sequence alignment were assigned from template structure by using Clustal X. 36 Subsequently, the 3D models were built by using MODELLER 9.14, 37 and the least modeler objective (low discrete optimized protein energy score) was chosen. The final model was subjected to molecular dynamics (MD) simulations.
MD simulation
NorA model with the least DOPE score was improved by applying MD simulations using NAMD2.7 software. 38 Chemistry at HARvard Macromolecular Mechanics (CHARMM2.7) force field was used for lipids and proteins 39 along with the three-site transferable intermolecular potential for water and palmitoyl oleyl phosphatidyl choline for lipids ( Figure 1A) . Initially, the membrane and the protein complex were minimized and equilibrated with 250,000 runs for 10 picoseconds, and the simulations were performed for 1,000,000 runs for 2 nanoseconds. Integrated motion time step of 2 fs was computed using multiple time step algorithms. 40 Short range forces were computed for every two time steps, and long range forces were calculated for every four time steps. The pair list of the nonbonded interactions was computed with a pair list distance of 14.0 Å. Short-range interactions, within 12 Å, were defined as van der Waals and electrostatic interactions. Long-range electrostatic interactions were taken into account using particle mesh Ewald approach. [41] [42] [43] Pressure was maintained at 1 atm using the Langevin piston and temperature was controlled at 300 K using Langevin dynamics. Covalent interactions between hydrogen and heavy atoms were constrained using SHAKE/ RATTLE algorithm. 44 
Model assessment
The quality of the model was assessed by calculating the stereochemical properties, compatibility of the atomic model (3D) with its own amino acid residues (1D), bond lengths, bond angles, and side-chain planarity using SAVES server (http://nihserver.mbi.ucla.edu/SAVES/). Ramachandran plot calculations were performed using PROCHECK to check the stereochemical quality of protein structure. 45 Environment profile was developed using Verify3D 46 and ERRAT. 47 The residue packing and atomic interactions were analyzed using WHATIF, and Ramachandran plot was analyzed using 
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NorA efflux pump inhibitors of S. aureus WHATCHECK. 48 Root-mean-square deviation (RMSD) of the model was calculated by superimposition of the 3D model with template using Swiss-Pdb Viewer. 49 
retrieval of ligands
Phytochemicals such as alkaloids (reserpine), terpenoids (ferruginol, totarol, salvin), xanthenes (thioxanthene, phenothiazone), verapamil, omeprazole, fluoroquinolones (levofloxacin, nalidixic acid, and ciprofloxacin), and dyes (acridine) were downloaded from PubChem. Reserpine analogs were retrieved from PubChem and ZINC database.
Virtual screening and docking
Structure-based virtual screening studies were carried out using AutoDock Vina 4.0 50 with PyRx. 51 Initially, all the ligand molecules were uploaded and energy minimized with universal force field using conjugate-gradient algorithm with 200 run iterations. Virtual screening was carried out against NorA efflux pump by using Lamarkian genetic algorithm. Docking parameters were set as follows: the number of individuals in the population was 150, maximum number of energy evaluations was 25,000, maximum number of generations was 27,000, top individual to survive to next generation was 1, gene mutation rate was 0.02, crossover rate was 0.8, Cauchy beta was 1.0, and genetic algorithm window size was 10.0. The grid was set to the binding pocket at X=29.3901, Y=-42.745, Z=-51.82; dimensions (Å) at X=90.000, Y=105.7097, Z=104.2448; and exhaustiveness at 8. The best docked ligand conformations were saved, and the bond angles, bond lengths, and hydrogen bonding interactions were analyzed using PyMOL. 52 Toxicity risk assessment and lipinski rule of five Lipinski rule of five, that is, molecular weight (,500 Da), H-bond acceptor (,10), H-bond donor (,5), and cLogP (,5) values; toxicity properties such as mutagenic, tumorogenic, irritant, and reproductive effects; and absorption, distribution, metabolize, excretion, and transport properties were assessed using OSIRIS server (http://www.organic-chemistry.org/ prog/peo) and Molinspiration (http://www.molinspiration. com/cgi-bin/properties). (Table 1) . However, Helix-IV, Helix-VI, and Helix-XI by TMpred; Helix-VI and Helix-XII by TMHMM; Helix-XII by SOUSI; and TopPred have not been recognized (Table 1) .
Results and discussion
Prophecy of TM helices
nora model construction
Glycerol-3-phosphate transporter (PDBID: 1PW4) belongs to the MFS and was selected based on highest resolution (3.3 Å), R-value (0.296), and R-free (0.325) as template. 53 Based on the spatial restraints, the coordinates of template to structurally conserved regions, structurally variable region, and N-and C-termini have been assigned to query the sequence ( Figure 2 ). Subsequently, all the side chains were fixed by rotamers and 100 models were generated, and the lowest DOPE score structure was selected as the best model for NorA. Variations in secondary structural elements such as irregular helices, sheets, and loops were identified by superimposing with template, and a small loop, observed between Ala20 and Val22 of Helix-I, was renovated using MOD loop server (https://modbase.compbio.ucsf.edu/modloop).
To obtain stable conformation, hydrogens were added to the model initially, and the energy was minimized followed by MD simulations for 2 nanoseconds. Later on, trajectory graph was plotted by taking RMSD of Cα trace on X-axis and time (picoseconds) on Y-axis that showed a sharp increase up to 1.5 nanoseconds and achieved equilibrium at around 2 nanoseconds ( Figure 2B ). The refined model possesses 12 α-helices and one long cytoplasmic connecting loop, and the quality of the model was checked by SAVES server.
Model assessment
This final model was corroborated with Ramachandran plot calculations using PROCHECK which revealed 308 residues (92.8%) were aligned within the most favored region, 21 residues (6.3%) were located within the additionally allowed regions, three residues (0.9%) were plotted within the generously allowed region, and no residues were aligned within the disallowed region ( Figure 3A) . The environment profile of Verify3D-1D value was found to be mostly above zero ( Figure 3B ). The nonbonded interactions between various types of atoms were computed with ERRAT program 6  25  6  28  7  29  10  30  8  25  helix-ii  40  58  39  61  40  62  40  60  42  58  helix-iii  69  88  69  91  69  91  69  89  71  87  helix-iV  99  116  97  119  95  117  99  119  --helix-V  129  148  127  149  129  151  131  151  131  148  helix-Vi  157  176  157  178  --157  376  357  177  helix-Vii  203  221  202  224  203  225  201  221  211  227  helix-Viii  240  258  237  259  240  259  239  259  240  257  helix-iX  269  288  262  284  266  375  269  289  283  301  helix-X  295  313  288  310  292  314  331  351  327 
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NorA efflux pump inhibitors of S. aureus which showed an overall quality factor of 80.0 ( Figure 3C ). WHATCHECK program calculated quality indicators such as second-generation packing quality, Ramachandran plot appearance, and chi-1/chi-2 rotamer normality and were found to be 2.7, 0.725, and 2.0, respectively; RMS Z-scores such as bond lengths, bond angles, omega angle restraints, side-chain planarity, improper dihedral distribution, and inside/outside distribution were found to be 0.98, 0.803, 0.564, 1.08, 1.15, Compatibility of atomic 3D model of its own amino acid residues (1D) using Verify3D server. (C) 3D profiles of constructed 3D model were verified using ERRAT program. *On the error axis, two lines are drawn to indicate the confidence with which it is possible to reject regions that exceed that error value. **Expressed as the percentage of the protein for which the calculated error value falls below the 95% rejection limit. Good high resolution structures generally produce values around 95% or higher. For lower resolutions (2.5 to 3A) the average overall quality factor is around 91%.
Drug Design, Development and 
Structure of NorA and binding-site analysis
NorA efflux pump is a single polypeptide chain which exhibits 12 TM α-helices topology with two domains, N-and C-terminal domains, arranged as pseudo-twofold symmetry. Both N-and C-terminal domains are connected by a long cytoplasmic loop (Met172-Lys198) between Helix-VI and Helix-VII ( Figure 4A ). N-terminal domain consists of six TM α-helices: TM Helix-I (Met1-Ileu30), TM Helix-II (Leu40-Lys64), TM Helix-III (Gly66-Ala86), TM Helix-IV (Phe91-Ileu119), TM Helix-V (Gln124-Ile146), and TM Helix-VI (Arg156-Met172) and C-terminal domain consists of six TM α-helices: TM Helix-VII (Lys198-Tyr225), TM Helix-VIII (Asn234-Phe264), TM Helix-IX (Ser267-Leu286), TM Helix-X (Trp293-Ser318), TM Helix-XI (Gly326-Val353), and TM Helix-XII (Gly356-Arg380). Nevertheless, a large hydrophobic binding cleft is accompanied by eight TM helices of Helix-I, Helix-II, Helix-IV, and Helix-V from N terminal and Helix-VII, Helix-VIII, Helix-X, and Helix-XI from C terminal and composed of nonpolar residues such as Val44, Phe47, Gln51, Phe140, Ile244, Gly248, and Phe303 which are evolutionarily conserved among MFS transporters ( Figure 4B ).
Molecular docking of NorA substrates
To find out the binding affinity of NorA substrates, molecular docking was performed, and the results are summarized in 
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NorA efflux pump inhibitors of S. aureus and Ala312. Acridine is a dye that shows binding affinity of -7.2 kcal/mol with nonpolar amino acids of the binding pocket ( Figure 5 ).
Virtual screening and docking
In an effort to discover the selective novel potent NorA EPIs, virtual screening study was performed with the analogs of reserpine that monitored best binding lead molecules from the calculated binding affinities (Table 3) . CID58685302 showed highest binding energy of -13.0 kcal/mol and bound at the vestibule of the binding pocket by means of four hydrogen bonding interactions: one with polar amide of Asn128 of Helix-V, one with hydroxyl group of Tyr316 of Helix-X, one with carboxylic group of Glu323, and one with amino group of Arg324 at the connecting loop of X-XI helices ( Figure 6A ). CID58685367 has shown binding affinity of -12.8 kcal/mol and formed two hydrogen bonds: one with polar amide on Gln51 of Helix-II and one bond with amino group on Lys130 of Helix-V ( Figure 6B ). CID5799283 showed binding energy of -12.4 kcal/mol and displayed one hydrogen bonding interaction with OH group on Ser333 of Helix-XI ( Figure 6C ). CID5578487 and CID60028372 have also shown similar binding affinity of -12.1 kcal/mol; CID5578487 showed two hydrogen bonds, that is, CO and NH groups with OH group of Ser219 and Ser337; CID60028372 interacted with three hydrogen bonds, that is, one bond with OH group of Thr333 and two bonds with OH group of Ser337 ( Figure 6D and E). ZINC12196383 has shown good binding affinity of -12.4 kcal/mol and conferred two hydrogen bonding interactions formed by accepting electrons from the OH group on Ser219 of Helix-VII and Ser337 of Helix-XI, and its indole and aromatic rings interacted 
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NorA efflux pump inhibitors of S. aureus with nonpolar residues of binding cavity such as Phe16, Phe47, Gln51, Ala105, Ile136, and Phe140 ( Figure 6F ). ZINC72140751 has shown binding energy of -12.3 kcal/mol and displayed one hydrogen bonding interaction with OH group of Ser337 ( Figure 6G ). ZINC72137843, ZINC12196375, ZINC66166948, and ZINC39228014 have shown binding energy of -12.2, -11.7, -11.7, and -11.6 kcal/ mol, respectively, and interacted with nonpolar residues of Phe13, Phe16, Leu17, and Gly20 of Helix-I; Phe47, Gln51, and Met55 of Helix-III; Ala105, Met109, Val112, Thr113, and Ile116 of Helix-IV; Asn128, Phe219, Thr131, Met132, Ile135, Ile136, and Phe140 of Helix-V; Tyr136 of Helix-X; and Gly326, Phe327, Gly330, Ser333, Thr334, Ser337, and Met338 of Helix-XI ( Figure 6H , K-M). ZINC39227983, 
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ZINC43742707, and ZINC14616160 compounds have shown best binding affinity of -11.8, -11.8, and -11.6 kcal/mol, respectively; ZINC39227983 exhibited one hydrogen bonding interaction with OH group on Thr211; and ZINC43742707 displayed one hydrogen bonding interaction with OH group of Ser337 ( Figure 6I and J). ZINC14616160 displayed one hydrogen bonding interaction with polar residue Gln51 of the binding pocket ( Figure 6N ).
Toxicity risk assessment and lipinski rule of five
Appraisal of pharmacological properties using Lipinski rule of five, such as molecular weight, H-bond donors, H-bond acceptors, cLogP, and toxicity properties reveals that lead molecules are found to be satisfied with these properties and are shown in Table 4 . CID58685302, CID58685367, CID58685370, and CID57992283 have shown highest molecular weight. H-bond donors were predicted to be less than five, and H-bond acceptors less than ten. cLogP or partition coefficient plays a major role in accessing the drug in the body and value less than five indicates good absorption and distribution. Most of the compounds are found to be possessing best cLogP values except ZINC72137843, ZINC66166948, CID58685302, CID58685367, CID58685370, and CID57992283. Assessment of toxicity showed that none of the compounds exhibit serious adverse effects, but ZINC66166948 and CID5578487 show very low mutagenic property; 
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CID58685302, CID58685367, and CID58685370 exhibit slight reproductive toxicity. Drug-likeness of the compounds was determined through the fragment of compounds which reveals that all the compounds showed good drug-likeness except ZINC39228014. Drug score was calculated for the above four risk factors which reveal that all the compounds displayed best drug score and were helpful in the development of EPIs for NorA.
Conclusion
NorA pump consists of 12 TM helices and a large binding pocket between N-and C-terminal interfaces accommodates numerous drug compounds. Docking simulation studies of NorA substrates reveal that vital residues, namely Phe13, Phe14, Phe16, Leu17, Gly20, Phe47, Ala48, Gln51, Ala105, Gly106, Val108, Met109, Ile135, Ileu136, Phe140, Thr211, Leu212, Phe216, Ala312, and Phe341 present at the binding pocket play a pivotal role in extrusion of numerous compounds. In silico screening affords 14 good binding lead compounds which selectively inhibit the NorA efflux pump by competing with its substrates. Hence, these lead molecules will be useful for designing selective EPIs against NorA efflux pump of S. aureus. 
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